The computerized brain atlas programme (CBA) provides a powerful tool for the anatomical anal ysis of functional images obtained with positron emission tomography (PET). With a repertoire of simple transfor mations, the data base of the CBA is first adapted to the anatomy of the subject's brain represented as a set of magnetic resonance (MR) or computed tomography (CT) images. After this, it is possible to spatially standardize (reformat) any set of tomographic images related to the subject, PET images, as well as CT and MR images, by applying the inverse atlas transformations. From these reformatted images, statistical images, such as average images and associated error images corresponding to dif ferent groups of subjects, may be produced. In all these images, anatomical structures can be localized using the atlas data base and the functional values can be evaluated quantitatively. The purpose of this study was to deter mine the spatial and quantitative accuracy and precision of the calculated regional mean values. Therefore, the CBA was applied to regional CBF (rCBF) measurements with [ 11 C]fluoromethane and PET on 26 healthy male vol unteers during rest and during three different physiolog ical stimulation tasks. First, the spatial accuracy and pre cision of the reformation process were determined by measuring the spread of defined anatomical structures in the reformatted MR images of the subjects. Second, the mean global CBF and the mean rCBF in the average PET images were compared with the global CBF and rCBF in the original PET images. Our results demonstrate that the reformation process accurately transformed the individReceived July 24, 1989; revised November 24, 1989; accepted November 28, 1989. Address correspondence and reprint requests to Dr. R. J. Seitz at Department of Clinical Neurophysiology, Karolinska Hospital, Box 60500, S-10401 Stockholm, Sweden.
ual brains of the subjects into the standard brain anatomy of the CBA. The precision of the reformation process had an SD of � I mm for the lateral dislocation of midline structures and � 2-3 mm for the dislocation of the inner and outer brain surfaces. The quantitative rCBF values of the original PET images were accurately represented in the reformatted PET images. Moreover, this study shows that the application 0(' the CBA improves the analysis of functional PET images: (a) The average PET images had a low background noise [0.4 mliiOO glmin ± 0.7 (SD)] compared to the mean rCBF changes specifically induced by physiological stimulation. (b) The reformatted PET images had a voxel volume of 10.9 mm 3
. O wing to this high sampling resolution, it was possible to differentiate the mean rCBF changes in adjacent activated fields such as the left motor hand area from the sensory hand area and the left premotor cortex. (c) By calculating the rela tion of the mean rCBF change to the SEM of the mean rCBF change on a pixel-by-pixel basis, areas with signif icant rCBF changes could be determined. By use of the CBA, it was found that there was a high intersubject con sistency in location of stimulation-induced rCBF changes. Furthermore, the rCBF changes in specifically stimulated areas were of similar magnitude among the subjects. It was shown that the stimulation-induced mean rCBF increases may be accompanied by mean rCBF de creases in other areas. Key Words: Computerized brain atlas-Magnetic resonance imaging-Physiological stim ulation-Positron emission tomography.
Positron emission tomography (PET) is a nonin vasive imaging technique that provides quantitative maps of biochemical, biophysical, and physiologi cal parameters in the living human brain, such as regional cerebral blood volume, regional CBF (rCBF), regional CMR (rCMR), and ligand binding characteristics of cell receptors. PET measure ments of rCBF and rCMR can reveal those cerebral areas that are engaged in a certain type of brain work (Fox et al., 1987a,b; Roland et al., 1987; Gins berg et al., 1988; Peterson et al., 1988) , since the rCBF and rCMR of glucose are coupled to neuronal activity (Greenberg et al., 1979; Yarowsky et al., 1983) . The functional PET images, however, have a limited spatial resolution. Therefore , an accurate method is required to localize the quantitative PET image data to anatomical structures.
The need to integrate the functional PET image data and the structural information in computed to mography (CT) or magnetic resonance (MR) images to achieve anatomical precision has been recog nized for a number of years (Greitz et al., 1980) . First, a head fixation system has been developed by which the subjects can be precisely repositioned in the different imaging facilities Bergstrom et al., 1981) . Furthermore, the accuracy and precision of localizing the functional PET image data to anatomical structures have been increased by an individually adjustable computerized brain at las (Bohm et al., 1983 (Bohm et al., , 1985 . More recently, this computerized brain atlas programme (CBA) has been further developed. It now enables one to spa tially standardize (reformat) individual image data to provide precise interindividual comparisons of functional PET image data (Bohm et al., 1986 (Bohm et al., , 1990 Greitz et al., 1989) .
The anatomical data base of the CBA was ob tained from digitized cryosectioned human brains and includes the brain surface , the ventricular sys tem, and �250 structures. The anatomical nomen clature of the cerebral cortex and brainstem struc tures is the revised Nomina Anatomica of the In ternational Nomenclature Committee (1968) . The atlas also includes most of Brodmann's cytoarchi tectonic areas. The application of the CBA for PET image evaluation consists of a sequence of three procedures. First, the inner and outer surfaces of the standard atlas brain are fitted to the brain shape of each subject as presented on MR images. Sec ond, with knowledge of the parameters used for the fit, the subject's PET images are reformatted into the standard brain anatomy. By this reformation procedure , 14 transaxial images with half the dis tance of the original PET images are created. Fi nally, the spatially standardized PET images of var ious subjects are used to calculate an average PET image for a given examination series. The mean voxel values can then be related to anatomical structures using the atlas data base. Eventually, dif ferent experimental series may be compared with each other.
The objective of this study was to evaluate the CBA for its use in the analysis of functional PET images. For this purpose , we first examined the spatial accuracy and precision of the reformation process on high-resolution MR images. Second, we compared the quantitative rCBF values in the orig inal PET images with those in the reformatted im ages. Third, we analyzed the effects of averaging of the reformatted PET images on the functional PET image data. We report that by use of the CBA, a high accuracy and precision for localization and quantification of PET data can be achieved. In ad dition, it is shown that use of the CBA improves the PET image evaluation.
MATERIALS AND METHODS

PET imaging
The rCBF was measured in 26 healthy right-handed male volunteers (age range 19-38 years) with [ ll C] _ fluoromethane and PET (Roland et al., 1987) . The sub jects were equipped with an individually molded fixation helmet that was mounted on the bed of the PET scanner . The spatial resolution (full width at half-maximum) of the four-ring Scanditronix PC-384-7B PET camera was 7.6 mm with a slice thickness of -11.6 mm (Litton et al., 1984) . The CBF measurements were performed during three different types of physiolog ical stimulation and rest (Roland and Larsen, 1976 ). In the motor task, the blindfolded subjects (n = 9) were re quired to execute a complicated right-hand flexion se quence of the second to fifth fingers against the thumb with maximal speed . In the somato sensory discrimination task, the blindfolded subjects (n = 6) had to discriminate by the right hand defined rect angular parallelepipeds in a forced alternative choice par adigm . Eleven subjects underwent visual stimulation with standardized colored geometric patterns . The stimulation-induced rCBF changes were obtained by paired pixel-by-pixel subtractions (C image) of the individual original image in rest (R image) from the individual original image in stim ulation (ST image) (Table O. No normalization procedure was applied to the PET images; only absolute rCBF val ues (mU100 g/min) were used .
MR imaging
First, all subjects were imaged by a high-resolution (0.5-T) MR system (Siemens Magnetom) using the fixa tion helmet (Bergstrom et al., 1981) . The localization box for determination of the spatial coordinates was specially made for MR imaging and contained tubes filled with cop per sulfate or glycol. The inversion recovery pulse se quence was used to increase the contrast between gray and white matter. Sixteen transaxial MR images with a slice thickness of 10 mm and a separation of 6.75 mm were recorded. The MR images were transferred to the V AX 11/780 of the PET unit and converted to match the display of the PET images. Careful attention was directed to geometrical distortion in the MR images caused by inhomogeneities in the gradient system. The MR images were corrected for distortion by using correction func tions. These correction functions were obtained for dif- ferent slice positions every 20 mm apart by measuring the distortion of a phantom scanned in that plane and fitting the distortion to a polynomial function. The phantom was a Plexiglas cylinder with 240 parallel, regularly arranged, water-filled Plexiglas tubes (Schad et aI., 1987) . As esti mated from the difference in number of pixels comprising the manually drawn brain contours in the corrected and noncorrected transaxial MR images, the distortion was in the range of 2%.
Data processing using the eBA
The individual original MR and PET images were allo cated by the eBA and displayed on screen. The transaxial images consisted of 256 x 256 pixels with 1 pixel corre sponding to an original object dimension of 1.27 x 1.27 mm in plane. Since the image data were set up on a 128 x 128 matrix, every second pixel was interpolated for the 256 x 256 pixel image display. Each pixel was defined in a spatial coordinate system. In addition to the transaxial images, also pixel-by-pixel reconstructions were avail able for 256 coronal and sagittal planes. To fit the con tours of the cerebral surface and ventricular system of the standard atlas brain to the individual brain shape as pre sented in the MR images, a number of simple transfor mation parameters had to be selected. The adaptation was done interactively by visual inspection. The transfor mation parameters included corrections for orientation and positioning of the subject's head in the scanner as well as more general linear and nonlinear transforma tions. An additional set of orientation and positioning pa rameters for each imaging occasion was provided to cor rect for repositioning errors of the sUbjects. This correc tion was sometimes necessary, even though a fixation helmet was used in all PET examinations. The parameter file obtained from the adaptation process was accepted as valid only when the adapted atlas brain fitted the transax ial, coronal, and sagittal planes of the subject's brain in both the MR and the PET images. The inverse values of the parameter file were subsequently used for reforma tion of the MR and PET images to the standard brain anatomy. By this process 14 transaxial standard-shaped images with exactly defined standard positions in the im age volume were created for each of the two modalities. These transaxial images were 6.75 mm apart from each other. Each reformatted image corresponded to the stan dard brain anatomy as described by the nontransformed atlas data base.
Determination of spatial accuracy and precision
Of the 26 spatially standardized MR images (rMR im ages), a set of average MR images (AMR images) was created ( Table 1 ; Fig. 1 ). The accuracy of the reformation process was examined on the AMR images. For this pur pose, the pixel location of well-defined, easily identifiable anatomical structures was determined and compared with the pixel location of the identical anatomical structures as provided from the eBA data base. As measuring points were selected the brain surface at the maximal width (x dimension) and legnth (y-dimension) of both cerebral hemispheres, the top of the lateral ventricles as present in the coronal plane at the maximal width of the cerebral hemispheres (z-dimension), the fornix at the level of the foramen Monroi, the rostral end of the fourth ventricle, and the medial end of the central sulcus ( Table 2 ). The SD of the pixel locations in the rMR images gave the preci sion of the reformation and was calculated in millimeters.
Determination of quantitative accuracy and precision
The spatially standardized (reformatted) PET im ages were used to create average PET images to gether with corresponding error images (SEM for each voxel). Thus, an average PET image of stim ulation (AST image), rest (AR image), and change (AC image) for the three stimulation types and an AR-image for all 26 subjects were calculated (Table  1 ; Fig. 2 ). Moreover, difference images between AR and AST images were created (DC image). For each AC image, the relative significance of the mean rCBF in relation to the SEM in the same voxel was calculated, providing a t map. In addition, the sig nificance of the mean stimulation-induced rCBF changes in each voxel was determined for each ex amination group by a t test (p map). The test was designed to demonstrate the significance level at which the mean rCBF change in each voxel was different from 0 according to the formula X-!-Lo/SEM, where !-Lo was 0 (Dixon and Massey, 1957) . To eliminate random variations of the values in individual voxels, the t test was also performed on filtered average and error images. Used were Gaussian filters with a width of 3. 81 mm ( = 3-pixel dimensions of the CBA) or of 7. 6 mm (full width at half-maximum of the PC384-7B PET camera used). To test if the measurements were statistically inde pendent, the distribution of the p values in the left sensorimotor hand area during the motor sequences was compared with the distribution of the p values in randomly chosen areas with no mean rCBF changes (Eadie et aI. , 1971) . The selected areas comprised 194 voxels (316 mm2).
J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 To compare the mean global CBF in the original PET images and in the average PET images, total regions of interest (ROls) were manually drawn in the R, ST, AR, and AST images and the mean for each image series calculated (Table 3) . Moreover, 
CBA, computerized brain atlas programme.
the spatial distribution of the rCBF increases in the left motor hand area was determined in the original PET images. Therefore, the C images were allo cated by the CBA and the values in each subject were read out along a coronal profile. Furthermore, the voxel values in the AST images, the error im ages, the t maps, and the p maps were examined in the motor task and in somatosensory discrimination in two directions. The first direction was a coronal profile of I-voxel thickness through the left and right motor hand area and the superior frontal cor tex (Brodmann area 6). The second direction was a sagittal profile of I-voxel thickness through the left premotor cortex (Brodmann area 6 in middle frontal gyrus and precentral gyrus), motor hand area, and sensory hand area (postcentral gyrus, Brodmann ar eas 1-3). In addition, coronal profiles of I-voxel thickness were placed at the level of the basal gan glia through the putamen and globus pallidus. The relative rCBF changes were then calculated as per centages above the mean rCBF in rest in the same voxels. Finally, the spatial distribution of the max imal rCBF changes in the left motor hand area (Brodmann area 4 in precentral gyrus) in the motor task was determined and in the rC images of each of the nine subjects. For this purpose, the pixel loca tions of the peak values were sampled in the sub jects and the mean of the coordinate values calcu lated. These data were compared to the coordinate of the local peak in the AC image of the motor task. The background noise in the C and the AC images and the SEM of the mean background noise in the associated error images were determined by ran dom profiles in each of the 14 transaxial image slices outside the brain. Table 2 demonstrates how accurately the refor mation can be performed. The spatial coordinates of the anatomical structures were determined in the average MR image (AMR image) and in the 26 re formatted MR images (rMR images). It was evident that the accuracy of the reformation was high, giv ing almost the same pixel location for these anatom ical structures in the AMR image compared to the anatomy of the CBA data base. The SDs of the arithmetical mean of the pixel location expressed in millimeters provided the measure of the precision of the reformation. As seen in Table 2 , the SD of the midline position (x-dimension) of the central brain structures (fornix and top of fourth ventricle) was <1 pixel dimension (1. 27 mm). The SD of the an teroposterior position (y-dimension) of the central brain structures was <2 pixels. The SD of the po sition of the top of the fourth ventricle and the top of the lateral ventricles (z-dimension) was below 3 mm and therefore less than half the distance of two adjacent MR images. The SD at the cerebral surface for the x-and y-dimension was <2 and 3 pixels, respectively. Only the medial end of the central sul-
RESULTS
Spatial accuracy and precision
Average positron emission tomography image of regional CBF (rCBF) of the 26 volunteers at rest (AR image). Shown are the 14 transaxial planes, 1 coronal plane, and 1 sagittal plane at the midline. Blue color equals low mean rCBF, yellow color moderate mean rCBF, and red color high mean rCBF. The color distribution demonstrates that the mean rCBF varied throughout the cerebral cortex, being highest in the prefrontal cortex.
cus had a SD of �4 mm in the x-and y-dimensions. The greater SD of the medial end of the central sulcus exceeding the SD of the other selected mea suring points probably resulted from individual an atomical variation of the central sulcus as also re cently reported on the basis of MR image evaluation (Steinmetz et al. , 1989) . sagittal plane. It was evident that the lowest mean rCBF values occurred in the hemispheric white matter (�25 mlllOO g/min). The higher mean rCBF values in the cortical and subcortical gray matter varied considerably, being highest in the prefrontal cortex (100 ml/l00 glmin) followed by values of 70-80 mlllOO glmin in the basal ganglia and thalamus. In the parietal cortex, mesencephalon, pons, and cerebellar cortex, the values were in the range of 50--6 0 mi/lOO g/min. Quantitative accuracy and precision
The mean global CBF varied in the different AR images between 51. 3 and 54. 8 mlllOO g/min with a value of 51. 8 mIll 00 glmin in the AR image of all 26 subjects (Table 3 ). The somatosensory discrimina tion task induced a 15. 9% increase in the mean glob al CBF, whereas visual stimulation slightly de creased the mean global CBF (Table 3 ). The mean global CBF in somatosensory discrimination was significantly higher than the mean global CBF dur ing the motor sequences (p < 0. 05) and during vi sual stimulation (p < 0. 01). The comparison with the original images revealed a good correspondence of the mean global CBF values, which were on av erage for all groups studied 1. 4 ± 1. 3 (SD) mlllOO g/min lower in the average PET images. However, the mean global CBF in the C images varied from that in the AC images between -0. 2 and + 0. 6 mIl 100 g/min and was thus in the range of background noise (see below).
The difference images (DC images) calculated from the AST and AR images in the motor task and in somatosensory discrimination demonstrated in the same voxels nearly identical rCBF values as present in the corresponding AC images. Thus, there was a good correspondence of the mean rCBF values in the DC and the AC images with a high correlation coefficient of 0. 98 (Fig. 3a) When the difference of each voxel value between the DC and AC images was analyzed in terms of frequency, it was evident that this difference followed a normal distribution with a mean of 0. 5 ± 0. 9 (SD) mlllOO g/min (Fig. 3b) . It was therefore concluded that the Table 1 .
reformation process did not induce additional noise to the PET image data.
Evaluation of mean rCBF changes in average PET images
The regional distributions of the mean rCBF and the mean rCBF changes in the motor task and in somatosensory discrimination are shown in Fig. 4 . The values were taken along coronal profiles through the left and right motor hand area in the AST, AR, and AC images. The mean rCBF increase in the left motor hand area peaked at 23. 5 mlllOO g/min in the motor task and at 34. 3 mlllOO glmin in somatosensory discrimination. These local maximal increases corresponded to 41. 2 and 65. 2%, respec tively. The average values for all voxels exhibiting rCBF increases in the left motor hand area were 13 ± 7 mlll00 g/min (23. 4%) in the motor task and 19 ± 11 ml/lOO glmin (39.8%) in somatosensory discrim ination. Taking, however, only those voxels with a p value of <0. 05, the average values were in the motor hand area 17 ± 5 mlllOO g/min (28. 7%) in the motor task and 25 ± 7 mlll00 glmin (49. 7%) in so matosensory discrimination. Consequently, the mean average values of the significant rCBF in crease were � 30% lower than the peak values but 5-lO% higher than the average of all voxels exhib iting mean rCBF increases. The SEM of the mean rCBF in rest and stimula tion tended to follow values of the mean rCBF hav ing a range of l-lO mlllOO g/min. Figure 5a and b demonstrates that the SEM is highly correlated with the increasing mean rCBF values both in stimula tion (r = 0. 86) and in rest (r = 0. 82). The SEM for the rCBF changes, however, was differently distrib uted, having a range of >0-7 mlllOO g/min. The larg est SEM values occurred for a mean rCBF change between -lO and + 10 ml/lOO g/min (Fig. 5c ). Rel atively small SEM values compared to the mean rCBF increase occurred, in particular in the specif ically stimulated areas. Consequently, the relation of the mean rCBF change to SEM demonstrated in the t map was greatest in the specifically stimulated areas with the largest mean rCBF increases. This is J Cereb Blood Flow Metab, Vol. 10, No. 4, 1990 further emphasized by Fig. 5d , which reveals a high correlation of the mean rCBF changes with the cor responding t values (r = 0. 96). The largest mean rCBF increases of >20 mlllOO glmin exhibited t val ues of >8. Figure 6c and 6d demonstrates that besides the stimulation-induced mean rCBF in creases, there were also mean rCBF decreases down to -15 mlll00 glmin for which the same re lation of the mean rCBF change to the t values held true. It is evident that the greatest mean rCBF de creases exhibited absolute t values of >2.
In Fig. 6a , the peak rCBF increases induced by the motor task in the left motor hand area as present in the rC images of the nine subjects are mapped. In two subjects, slightly higher values occurred in the same position in the adjacent upper and lower slice, respectively. It was obvious that the peak values occurred in a restricted area, which was 7. 6 mm wide in the coronal and 15. 2 mm in the sagittal di rection. The arithmetical mean of the coordinate values of the subjects had a SD of 2. 47 mm in the x-dimension and of 5. 39 mm in the y-dimension. The peak value of the mean rCBF increase in the AC image deviated from the location of the arith metical mean of the individual locations. Conse quently, the maximal value of the mean rCBF in crease in the AC image was lower than the arith metical mean of the local maxima in the estimated 
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' . left motor hand area in the C images of the nine subjects ( Fig. 6b) _ However, the arithmetical mean of the rCBF values in the C images exhibited the same value at the peak position of the mean rCBF increase in the AC image, reflecting further the high quantitative precision of the local rCBF values in the AC images. In spite of this spread of the maxi mal activity in a specifically stimulated cortical area, the spatial resolution of the AC image was high. For example, the sagittal profiles showed that in the motor task the maximal increase of the mean relative rCBF occurred in the motor hand area, while in the somatosensory discrimination task the maximal increase was in the sensory hand area (Fig.  6c) . Smaller rCBF increases more anteriorly in the premotor area and posteriorly in the somatosensory association cortex were also discernible in somato sensory discrimination. To determine if the rCBF values in the same voxel in the reformatted images of the various sub jects were normally distributed, they were plotted as cumulative distributions on normal probability paper. Our results demonstrate that the rCBF val ues in voxels in which the SEM of the mean rCBF value across the subjects was small lay on a straight line, indicating that they were normally distributed. This was true for gray matter regions in rest, stim ulation, and change ( Fig. 7a and b) . In Fig. 7c the question of if the p values in each voxel for areas with stimulation-induced mean rCBF changes were differently distributed compared to the p values in each voxel in a nonstimulated area is addressed. It is obvious that the p distributions in stimulated and nonstimulated areas were different. In the nonstim ulated area, <5% of the voxels exhibited p values of <0. 05, while the majority of p values followed a unimodal distribution with a mean of 0. 49 ± 0. 23 (SD). In the area that included the specifically stim ulated left sensorimotor hand area, 32% of p values were <0. 05. However, the voxels surrounding such specifically stimulated fields exhibited p values with a similar distribution as in nonstimulated areas (0. 42 ± 0. 23).
Background noise
The background noise in the C images was ran domly distributed and exhibited a pronounced fre quency peak between 0 and 1. 0 ml/100 g/min (Fig.  8a) . The total range extended from -16. 0 to + 17. 0 ml/lOO glmin. In contrast, in the AC images of so matosensory discrimination, the background noise occurred between -3. 5 and + 4. 5 ml/lOO g/min with R. I. SEITZ ET AL. a mean of 0.4 ± 0.7 (SD) mlllOO g/min. In the AC images comprising 9 or 11 subjects (motor sequence task and visual stimulation), the background noise ranged only from -3.0 to +3.0 mlll00 g/min. The SEM of the background noise in the AC images had a mean of 0.8 mlllOO g/min with an SD of 0.4 (Fig.  8b) . Single SEM values larger than 3.0 mlllOO g/min occurred only in the error image of the small series of six subjects (somatosensory discrimination task). Figure 8c demonstrates that in the original PET im ages, the background noise occurred in clusters of up to 8 adjacent pixels with a mean of 3.5 ± 1.4 (SD) pixels. In contrast in the AC images, the back ground noise extended for the majority of observa tion over 1 or 2 pixels and only occasionally >4 pixels [mean 2.1 ± 1.2 (SD) pixels].
DISCUSSION
The regional quantitative evaluation of PET im ages is generally hampered by the difficulty in lo calizing biochemical, biophysical, and physiological data to a certain brain structure due to the limited anatomical information in the PET images, the lim ited spatial resolution in the PET images, and the interindividual variation of the brain anatomy. Fur thermore, factors like the interindividual variations of the rCBF and rCMR at rest, the interindividual variation of the subject's cooperation during phys iological stimulation, and the interindividual differ ences in the strategies for solving the stimulation task may influence estimates of the significant rCBF and rCMR changes specifically induced by physiological stimulation. Therefore, the demand to merge the functional PET data with high spatial res olution MR data has been widely recognized and discussed in a number of international meetings (Mazziotta and Kosslow, 1987) . Recently, different approaches have been presented to address these problems (Fox et al. , 1985; Evans et al., 1988) . The most important feature of the CBA is its utilization of the high spatial resolution of MR or CT images to reformat the individual PET images into standard anatomy, i.e., the atlas brain (Bohm et al., 1983 (Bohm et al., , 1985 Greitz et al. , 1989) . Thereby, it is possible to calculate average and error images, giving the av erage value and the SEM in every voxel for a whole examination series (Bohm et al. , 1986) . The result ing mean values can be read out in a spatially de fined pixel system and localized to anatomical structures. The strength of the CBA is therefore that the anatomical and quantitative evaluation of PET data follows objective criteria. Only the adap tation of the inner and outer surface of the standard atlas brain to the individual brain configuration of each subject as presented on the transaxial, coro nal, and sagittal display of the MR images is done interactively by visual inspection. The aim of the present study was to determine the accuracy and precision of the CBA and its ability for localizing and quantifying functional PET image data.
Spatial accuracy and precision
The evaluation of the spatially standardized MR images of the subjects demonstrated a high spatial accuracy of the reformation by the CBA (Table 2) . For this evaluation, well-defined and easily identi fiable anatomical structures were selected. Our re sults proved valid the assumption that the refor mation resulted in almost the same location of the midline structures and the inner and outer brain sur faces in the spatially standardized images. The pre cision of the reformation was expressed as SD of the pixel locations for the selected anatomical struc tures in the 26 individuals. The SD was �1 mm in the x-dimension and �2 mm in the y-dimension for the central anatomical structures. The SD of the Table 1. brain contour ranged between 2 and 3 mm in the x and y-dimension, being below 3 sidelengths of a voxel (1. 27 mm). Even in the z-dimension, the SD was <3 mm, which was less than half the distance of two adjacent image slices. Since the accuracy of the reformation process is influenced by the accu racy of the fit of the standard atlas brain to the individual brain, it appears possible that a more general elastic fitting of the standard atlas brain to the brain of the subjects would achieve an even higher accuracy.
Quantitative accuracy and precision
We demonstrated a high accuracy of the mean global CBF in the average PET images compared with the original PET images ( Fig. 2; Table 3 ). As in the original PET images, the effects of physiological stimulation on the mean global CBF were present. Furthermore, the local variations of the rCBF within the cerebral cortex, with highest values in the prefrontal cortex (Wilkinson et al. , 1969; Ris berg and Ingvar, 1973; Roland and Larsen, 1976) , Table 1. were obvious. As with the averaging programme by Fox et a1. (1988) , the values of the mean global CBF in the average PET images tended to be somewhat lower than the arithmetical mean values calculated J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 from the corresponding original PET images. But the difference was on average only 1.4 ± 1.3 (SD) ml and thus negligible. The precision of the mean rCBF values in the average PET images was high as evident from the comparison of the rCBF values in the AC and the DC images (Fig. 3) . The mean val ues differed for each voxel by only �0. 5 ± 0. 9 (SD) mlllOO g/min between the two image types and were therefore in the range of background noise .
Error images
In conjunction with the average PET image, an associated error image was created showing the SEM for each mean voxel value. Our results dem onstrate that there was a high correlation of the SEM to the mean rCBF in the AR and AST images ( Fig. 5a and b) . Consequently, the SEM was higher in gray than in white matter. The SEM of the stim ulation-induced mean rCBF changes as apparent in the AC images was differently distributed and, in particular, low in relation to the mean rCBF change in specifically stimulated areas (Fig. 5c ). The SEM of the stimulation-induced mean rCBF changes was, however, larger than the background noise and the SEM of the background noise. This was not unexpected, since the idea of quantitative averaging is to reduce the background noise and thereby im prove the signal detection. We would therefore like to suggest that the mean rCBF values in the AC images and the associated SEM values are affected by similarly low noise . According to this assump tion, the relatively low SEM values for large mean rCBF changes in a certain area indicate that the various subjects engaged this specifically stimu lated area to a closely similar degree . Furthermore, a relatively low SEM for a mean rCBF in an AR or an AST image probably indicates that the subjects of such a series also engage the given gray matter structure to a similar degree . The statistically sig nificant difference of the mean rCBF or rCMR in two different average PET images, therefore, relies critically on the question of the degree to which the different subjects have engaged the same anatomi cal structure (R. J. Seitz et aI. , in preparation). Our results show that the subjects during most types of stimulation apparently engaged their brain struc tures to a more comparable degree than in rest, re sulting in smaller SEM values of the mean global CBF values.
Determination of signficant rCBF changes
It is clear from our regional image analysis that the mean rCBF change in a certain area is deter mined both by the actual rCBF values and by the size of area in which the mean rCBF change occurs.
The rCBF values had not been transformed by nor malization procedures . If one regarded only the peak value, the actual change in that area would be overestimated by � 30% (Fig.  5c ). In contrast, the integration of all change values of an activated area may lead to underestimation of the true mean rCBF change, because the peripheral values were low owing to the partial volume effect (Mazziotta et aI. , 1981) . The exploratory t test used in this study estimated the p level at which the mean rCBF change in each voxel was different from zero. In this calculation the mean rCBF value of a given examination series was related to its corresponding SEM. This was justified, since each mean voxel value was calculated from the voxel value in the identical location from different subjects. Each mean voxel value was therefore calculated from in dependent observations. Moreover, our data indi cate that the voxel values in stimulated areas were normally distributed among the different subjects in spite of the complex data treatment during image reconstruction and processing ( Fig. 7a and b) . Ow ing to the small number of subjects relative to the magnitude of the SEM, the Gaussianness of the data could not be determined by a x2 test (John et aI. , 1987) . The t test in this study was performed on average PET images that had been filtered with a filter width of 3. 81 mm (3 pixel dimensions) to re duce random fluctuations. It became evident that there was no difference in the resulting p value if the t test was calculated for filtered images with a filter width of 3. 81 or 7. 6 mm (spatial resolution of the PET camera). Thus, intercorrelations of adjacent pixels seemed not to affect the t test calculations for areas larger than 9 voxels. Furthermore, the single p values <0. 05 in non stimulated areas occurred only in clusters of �4 adjacent voxels. This is in accordance with the observation that the back ground noise in the AC images comprised on aver age <3 voxels in one direction (Fig. 8c) . If the voxel values in the AC images were statistically indepen dent, the distribution of the calculated p values should be uniform between 0 and 1 (Eadie et aI. , 1971) . The spatial correlations between adjacent voxels and the range of precision of the reformation (Table 2) , however, implied that this was no longer true. Nevertheless, the p distribution in the refer ence region in which no rCBF changes occurred provided a measure of the true p distribution under the Ho hypothesis (Fig. 7c) . In conclusion, the t test appears to be a method to determine the area from which a significant mean rCBF change can be cal culated. The generation of ROls along isocontours had been discussed in detail elsewhere (Bohm et aI. , 1990) .
Perspectives on the application of the CBA As shown earlier, physiological stimulation may induce a significant increase or decrease of the ab solute mean global CBF, depending on the type of stimulation . The absolute mean global CBF in a C image, however, reflects only the average of all absolute rCBF changes in that brain. It is therefore not surprising that using the CBA we could, besides rCBF increases, also demonstrate rCBF decreases ( Fig. 5c and d) . Mean rCBF decreases in the basal ganglia have been dem onstrated by use of the CBA to be of functional importance for learning a finger movement skill . Local rCBF decreases have also been observed in rCBF measurements with the 133Xe technique and have been ascribed to redistribution (Ingvar and Schwartz, 1974) . Since decreases of the rCBF and rCMR of glucose can experimentally be induced by l'-aminobutyrate ag onists (Kelly and McCulloch, 1984; Roland and Friberg, 1988) and have been shown to parallel a decrease in oxygen consumption (Eriksson et aI. , 1989) , one might speculate that they reflect local depressions of neuronal activity or inhibition (Agra noff and Frey, 1984) .
The images displayed in the CBA have pixels with a sidelength of 1. 27 mm and a voxel volume of 10. 9 mm3. The resolution volume of the PC384-7B PET camera is �550 mm3 and therefore consider ably larger than the voxel volume of the images displayed in the CBA. We have shown that the spread of the peak rCBF increases in the left motor hand area for all the subjects in the motor task (Fig.  6a) was larger than the resolution volume of the PC384-7B PET camera but smaller than the extent (900 mm3) of the minimally activated cortical fields (Roland and Seitz, 1990) . As the comparison with the rMR images (Table 2) demonstrated, this spatial spread of the maximal rCBF increases in the left motor hand area closely corresponded to the ana tomical variation of the central sulcus in the indi vidual subjects. Nevertheless, the area of spread was similar to the estimated field size of origin of monosynaptic pyramidal pathways to the a-motor neurons of the five fingers in the baboon's hand (Landgren et aI. , 1962) . Our results therefore lend further support to the view of Fox et a1. (1987a) that there is a high interindividual overlap between spe cifically stimulated brain areas. In addition, we clearly demonstrated that the spatial resolution of the average PET images is of such quality that the rCBF increases in the left motor hand area could be differentiated from those in the directly adjacent premo tor cortex and sensory hand area (Fig. 6c) . Furthermore, the higher spatial resolution of the av-erage PET images makes it possible to detect sig nificant rCBF changes in small anatomical struc tures in the brainstem like the putamen or nucleus pallidus that cannot reliably be identified without an atlas system. That the basal ganglia, the thalamus, and also other structures in the lower part of the brainstem participate in sensorimotor activity has been shown in PET studies with the CBA (Roland and Seitz, 1989; .
The rCBF values along selected profiles across the left sensorimotor cortex may deviate from the average value of the whole stimulated area. It was, however, obvious that in motor stimulation the rCBF increase in the sensory hand area was con siderably lower than in somatosensory discrimina tion. Detailed regional evaluation will clarify if this phenomenon is the equivalent of the physiological phenomenon of central sensory inhibition due to simultaneous movements of the stimulated limb (Chapman et al. , 1988) . Furthermore , the me an rCBF increase in the left motor hand area in so matosensory discrimination was clearly above that in the motor task. This might be due to the fact that the subjects were not trained and therefore moved their fingers more slowly. We have shown that when the subjects are overtrained, the mean rCBF increase in the left motor hand area is greater than indicated here .
